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  
Abstract — We perform detailed free-space measurements of a 
previously published metal-mesh thin, flat gradient index lens 
using a vector network analyzer. Direct measurements of the 
transmission and phase of the lens are made over the frequency 
band of 75–220 GHz, including off axis performance. Beam 
patterns at 110 and 160 GHz show good agreement with the Airy 
pattern expectation and demonstrate its relatively broadband 
performance. We also show that the beam profiles are not affected 
when it is rotated by 6 degrees with the receiver demonstrating 
its usability under non-normal illumination.   
 
Index Terms—GRIN, Metamaterials, FSS, Lens 
I. INTRODUCTION 
wide range of Frequency Selective Surfaces (FSS) have 
been designed and created which provide a variety of filter 
types and specific phase behavior. The first prototype of lenster 
(lens-filter) was published in 2012 [1] and was the first 
prototype to demonstrate broadband performance of a 
frequency selective flat lens at mm wavelengths.  Whilst limited 
measurements of its performance demonstrated the focusing 
and filtering properties, they did not investigate its broadband 
antenna pattern characteristics. This paper expands on these 
measurements by performing detailed beam patterns and 2-D 
scans on axis, of the transmission and phase of the lens over the 
frequency range 75 to 220 GHz. This characterizes the 
frequency dependence of the lens such that it can be compared 
to the performance of a similar dielectric lens. Details of the 
lens design can be found in [1] while [2] contains additional 
details on the underlying metamaterial physics and on the 
choice of specific parameters of the build. 
Other metamaterial flat lenses have been demonstrated using 
a similar multi-layer approach. They were produced for satellite 
communication, so were designed to operate at a lower 
frequency (30 GHz) and have a narrower bandwidth (40%) [3]. 
There has also been much interest in creating lenses using 
metasurfaces, which is a single layer metamaterial, that has 
been designed to operate in the mm-wave to optical frequencies 
[4]. Due to the inherent properties of the structures used in the 
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metasurface, the operational bandwidth is limited and they can 
be highly absorbing due to the resonances in the structures. 
They also only operate for selected polarisations and 
orientations, whereas the Lenster is insensitive to polarisation 
due to symmetrical unit cell structure used.  The lens presented 
in this paper has been designed for astronomical applications, 
specifically for observing the cosmic microwave background 
(CMB), as such lenses for this application have to operate over 
a large bandwidth 50-300 GHz [5]. The only other lens 
designed for this application that has been demonstrated is 
given in [6] [7]. This lens was shown to have good transmission 
properties, but was designed to operate over a narrower band 
than that presented here. 
II. MODELED LENS PERFORMANCE 
For design and simulation purposes, the lens is represented 
as an ideal material with a continuously varying refractive index 
[1]. From this the corresponding mechanical structure can be 
found to mimic the ideal design as closely as possible. This 
process allows for existing GRIN (Gradient Index) theory to be 
used as an iterative tool, rather than a potentially much slower 
parametric simulation process of modelling the entire structure 
in a finite-element analysis software. 
This is a good assumption as the base dielectric used in our 
designs is polypropylene which has no significant absorption 
features at frequencies below 13 THz and has a very low 
absorption coefficient. To determine this and accurately 
measure the refractive index of polypropylene we have 
measured the transmission of 9 different hot pressed samples of 
varying thicknesses between 1 and 8 mm at submillimetre 
wavelengths using an FT spectrometer.  The best fit to the 
refractive index is 1.510  0.005 and is constant over the 
measured frequency range.  The extracted absorption 
coefficient is shown in Fig 1 with a polynomial fit, see insert on 
plot,  which is used to extrapolate the absorption to lower 
frequencies where FT spectroscopic measurements are 
compromised by the decreasing source power and the low loss 
in the thickest sample. 
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Fig. 1 PP absorption coefficient extracted from transmission 
measurements of hot pressed layers of thickness between 1 and 8 mm.  
The polynomial fit is given in the top left corner. 
Using this data it can be seen that the expected loss from the 
lens dielectric substrate, at 2mm thick, is less than 1% at the 
highest frequency over which the lens is effective, 300GHz. 
Our lens model uses the bulk electrical conductivity for copper 
(5.80.107 mhos/m) with a mesh thickness of 400 nm (> skin 
depth 194 nm) and indicates that the mesh absorption is less 
than 0.1%.   
 
A. Theory of the Lens Design 
The design of the lens is based on a radially graded refractive 
index lens as first proposed by Wood [9]. The optical properties 
are defined by (1), which shows how the refractive index, n, 
must vary for a given thickness, d, radius, r, and focal length, f.  
df
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n)r(n
2
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To be an imaging lens and not just a light collector, the 
gradient imparted on the lens must satisfy a condition of 
smoothness for which the variation of index, over the 
metamaterial unit cell period, g, is such that, 𝑛 𝑑/𝑛 <<  1, in 
order to present a smoothly varying phase for the output 
radiation.   It should be noted that there have been other 
proposed designs for GRIN lenses, either by using 
transformation optics [10] [11] or by phase transformations [6], 
[12]. However, these require more complex material 
parameters, such as a 3-D graded index or anisotropic material 
parameters. The lens was designed to be similar to a standard 
polyethylene lens which has a 70 mm diameter and a focal 
length of 250 mm for comparative purposes. When using the 
Wood lens formalism, the edge refractive index is constrained 
by the lowest achievable artificial index, which is set by the 
index of the substrate, polypropylene, n = 1.49. Therefore, the 
maximum index at the center of the lens can be found by 
rearranging (1) for r=35 mm. With the thickness of the lens 
chosen to be 2 mm, this makes the index at the center of the lens 
n0 = 2.7. These chosen parameters are based on a trade-off 
driven by the underlying mesh structure, as a thinner lens 
increases the central index value and reduces the number of 
mesh layers, while increasing the lens does the inverse.   
B. Design Parameters of the Lens 
By applying the same metal mesh technology used in 
astronomical filters [8], it was shown [2] that an artificial 
dielectric can be created by stacking a number of layers of 
metal-mesh together with a given uniform spacing. The 
individual metal-mesh sheets consist of a unit cell size, g, with 
a copper patch given by the ratio a/g. The combined structure 
is shown in Fig. 2. The effective refractive index is tuned by 
varying all of these parameters. 
 
Fig. 2: a) Geometry of a single metal-mesh layer. b) Combined 
artificial dielectric stack consisting of multiple metal-mesh layers. 
By iteratively modelling this basic metal-mesh structure, it 
was found that a structure of 20 layers with 100 µm separation 
would give the required lens thickness of 2mm [1] whilst being 
able to achieve a suitable range of refractive indexes by only 
varying a/g [2]. The advantage of this is that the cell size is 
constant at 200 µm, which corresponds to a subwavelength size 
of λ/7 for the shortest wavelengths which means that no 
diffraction effects will occur. The spacing between layers is 
also constant which simplifies the manufacturing. 
C. Internal Lens Structure 
Finite-element modelling of the entire metal-mesh structure of 
the lens is not currently feasible due to computational 
limitations. Therefore a reduced model was developed which 
used symmetry arguments to reduce computations and enable 
iterations over the design parameters. The model assumes that 
the impedance over the surface is varying slowly, so that each 
unit cell appears as an infinite structure [13]. This 
approximation allows for the existing equivalent-circuit models 
[14], to simulate the overall transmission properties of the lens 
by integrating over the entire surface area of the lens to give a 
power transmission profile. The blue curve in Fig. 3 shows the 
modelled power transmission for the metamaterial patterns 
averaged over the lens area. It can be seen that there is about 
70% transmission on average, while the remaining 30% of the 
power is reflection loss due to the miss-match to free space. The 
models indicate that there is minimal absorption (<0.1%) 
occurring at these frequencies within the mesh structure and the 
polypropylene substrate. From here onwards, all references to 
transmission and reflection correspond to power ratios. 
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To increase the overall transmission of the lens it is possible to 
add an anti-reflection coating (ARC) to the lens. For a uniform 
dielectric the ideal anti-reflection coating on each surface 
requires an index of arc subn n  and a thickness of / 4 arcn
. In the case of the lenster the ARC will also have to be graded 
following the root of the underlying index profile. This can be 
achieved by using the same metamaterial approach. It should be 
noted that to be true to the theory the thickness of the coating 
should also change which requires a graded metamaterial 
approach as used in the lens. Here we have set the thickness 
based on the central index of the lens where the impedance 
miss-match is the greatest. This coating is simulated in the same 
way and produces the red curve in Fig.3, which shows nearly 
99% transmission at the central design frequency of 150 GHz. 
To improve the bandwidth of the ARC, a second layer can be 
added consisting of a uniformly thick sheet of porous PTFE, 
which has an index of 1.23. When added to the existing ARC, 
the transmission shown by the green curve is produced, 
showing that 90% transmission is achieved between 72-250 
GHz. Further investigation into more complex multi-layer 
coatings can be undertaken to optimise the transmission further. 
 
 
Fig. 3 Predicted power transmission of the uncoated GRIN lens (Blue), 
the single radially varying ARC coated lens (Red) and combined ARC 
and porous PTFE coated lens (Green) 
D. Effective Refractive Index Variation 
In the design of the lens, it is assumed that the metal-mesh 
structure behaves as an ideal bulk material with a constant 
frequency-independent effective refractive index, n, regardless 
of incident angle. In the previous papers [1,2] this was verified 
using an empirical approach based on modelling the mesh 
structure in HFSS and then fitting the equivalent ideal dielectric 
transmission profile. Since the number of mesh layers does not 
change the equivalent index, it is possible to model an infinite 
stack and calculate the associated Bloch waves. This was 
demonstrated in [11], which used an equivalent circuit model to 
give an analytical expression to calculate the block 
wavenumber and thus dispersion and bandgap behavior for a 
stack of patches. From the calculated Bloch wavenumber (kb) 
the effective index can be found using the relationship given in 
equation 2. The effective index profile generated using this 
approach matches that previous method. 
                                
2
b
eff
k
n
d


                                   (2) 
 Using this theoretical relationship, it is possible to calculate 
how the refractive index distribution deviates from the ideal 
index values at the central design frequency of 150 GHz and at 
non-normal incidence for the physical mesh geometry used in 
the lens. 
 Results for this study are shown in Fig. 4 which indicates that 
there is little variation from the ideal index distribution. The 
maximum bandwidth of the lenster is set by the cut-off 
frequency of the capacitive structure, which for this design is 
300 GHz as presented in [1,2]. 
  
    
Fig. 4 Deviation in refractive index. Solid blue line: Ideal Woods 
distribution. Dashed orange line: Realized effective index distribution 
for 150 GHz at normal incidence. Dash-dotted green line: Realized 
effective index distribution for 12 degrees incidence.  
 
 
 
 
III. MEASUREMENT SETUP 
 
To improve on the existing measurements, better knowledge of 
the phase and transmission characteristics over the full spectral 
range of the lens are required as well as its directional response. 
This needs to be measured over an extended volume behind the 
lens to examine the near focus of the lens and thus to explore 
any aberrations. To get the desired spectral resolution a vector 
network analyzer (VNA) was used in conjunction with a set of 
three frequency extenders to cover the bands 75–110 GHz, 110-
170 GHz and 170–220 GHz. This coherent setup allows for 
direct measurements of the phase. A diagram showing the 
measurement configuration, along with the associated axis, is 
given in Fig. 5. 
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The lens was illuminated with a plane wave with constant phase 
across its aperture.  This was achieved by using the quasi-
optical bench at ESA/ESTEC [15]. This consists of an 
ellipsoidal mirror which shapes the beam such that the beam 
waist at the lens position is by approximated a uniform plane 
wave. The receiver head is placed on moveable stage in the lens 
focal plane to map out the pattern as described below. 
 
A. Normal Incidence Configuration 
To scan the beam pattern both in angle and through the focus, 
the receiver was placed on an adjustable 2-D stage that allowed 
for precise positioning with an accuracy of 0.1 mm in the x-y 
plane. This stage was itself attached to a manually adjustable 
linear translator for motion along the z-axis with a positional 
accuracy of <1 mm. Since the lens is radially symmetric, a full 
3-D sampling was not required, instead 2-D slices across the 
optical axis were taken for a set of incremental steps along the 
z-axis covering the focal region. For these measurements, it was 
crucial for the optical axis of the lens to be parallel to the optical 
table plane and coincident with the receiver horn axis. In 
addition the transverse scans had to be parallel to the lens plane. 
Any misalignments of the optics would affect the phase front 
measurement. To align the axes, a series of phase measurements 
without the lens in place were made. Since the measured phase 
should be constant, any misalignment between the transmitter, 
ellipsoidal lens and receiver optical axes would appear as a 
slope in the data. From the direction of the slope, adjustments 
to the scanner position were made and checked iteratively until 
the phase is flat. 
 
 
  
Fig. 5 Illustration of the experimental setup. M1 is an ellipsoidal 
mirror that collimates the beam such that a plane wave is 
approximated at the lens position. For the normal incidence 
measurement, θ is fixed at zero. The receiver is scanned in the x and z 
directions (y is vertical to the plane of the bench). For the beam 
pattern measurements, the position of the receiver in x and z is fixed 
while θ is varied. The lens plane is orthogonal to the receiver axis. 
 
B. Oblique Incidence Configuration 
In practical applications the lens needs to operate over a range 
of incidence angles. To investigate how the lens behaves under 
off-axis illumination we have measured the beam profile by 
rotating both the lens and receiver head as a fixed unit about the 
collimated beam axis, as shown in Fig. 6.  A fixed laser system, 
in which the laser was reflected off a mirror mounted at the 
centre of rotation of the lens, allowed the deflection angle to be 
determined by measuring the position of the reflected spot on a 
screen at a known distance. For these measurements the 110–
170 GHz receiver was used and a scan range of 6 degrees was 
sufficient to cover the beam profile expected. 
 
 
Fig. 6 Beam pattern measurement setup. The receiver (Rx) can pivot 
around the centre of the lens in an arc defined by the red arrows. 
 
IV. MEASUREMENTS, RESULTS AND DISCUSSIONS 
To explore the beam focus region a set of measurements were 
taken of through-focus x-axis beam cuts at the vertical beam 
center as a function of z-axis position as described in III A. The 
beam was sampled in 1 mm intervals along the x-axis and 5mm 
intervals in z. These sparsely populated cuts were then 
interpolated to produce a graded intensity profile as shown in 
Fig. 7 for an input frequency of 150 GHz at normal incidence. 
The beam waist narrows around the focus of the lens at z = 
230 mm. For comparison the same scan was repeated without a 
lens in place to show the level and uniformity of the field.  
   
Fig. 7 Top: Interpolated 2-D field scan at 150 GHz, showing that the 
lens focus is at the distance of 230 mm. Bottom: Measured field 
without the lens in place. 
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The size of the beam waist is comparable to that expected of a 
diffraction-limited dielectric lens of the same diameter and 
focal length. Fig. 8 shows an x-cut through the focus of the 
Lenster (Blue curve) and the clear aperture (Green) from Fig. 7. 
We also repeated the measurement with a polyethylene lens and 
plot the focus x-cut (Orange) on the same scale. Unfortunately 
an equivalent polyethylene lens was not available, so a lens with 
80mm diameter and 180 mm focal length was used. The 
apparent increase in gain of the polyethylene lens over the 
Lenster is due to its larger collecting area. To accurately 
compare the two lenses the overall transmission efficiency for 
each can be used. This was calculated by first integrating over 
the incident aperture field and then integrating over the airy 
profile at the focus. These two quantities can then be ratioed to 
give the lens efficiency. For an ideal system all the power 
incident on the lens is focused into the airy pattern. Therefore, 
any reflections due to the lens will cause a decrease. The 
measured optical efficiency in a 10 GHz band centered at 150 
GHz is 87.9%  3.5% for the polyethylene lens and 75.0%  
3.2%. for the GRIN lens.  The efficiency of polyethylene lens 
matches the averaged reflective loss for a material with 
refractive index of 1.51. The GRIN efficiency is lower as 
expected due to the higher refractive index at the centre of the 
lens. However, the measured value is comparable to the 
predicted transmission shown in Fig 2, indicating that as 
expected the absorption losses are small. 
  
Fig. 8: x-axis beam cuts at 150GHz comparing the GRIN lens (Blue) 
and Polyethylene lens (Orange) at their optimal focus. The measured 
x-cut with no lens is shown in Green. The dielectric lens has a larger 
diameter and shorter focal length. 
Comparisons of the measured beam profiles to the Airy 
diffraction model for measurements made at the correct focus 
position for frequencies of 116 and 290 GHz are also shown in 
Fig. 9. The Airy model, given by the solid curves, fits the data 
points for the main beam and follows the predicted behavior 
of the side lobes. Since is it not possible to eliminate all of the 
scattered power, the side lobe measurements below -25 dB are 
contaminated by standing-wave residuals. 
 
 
Fig. 9. x-axis beam cuts, at the nominal focus position of 230mm, for 
116 GHz blue dots and 290GHz orange cross. The expected Airy 
profiles for each are shown as continuous lines. 
Fig. 10 shows the measured phase for beam cuts about the 
optical axis as a function of z-axis position for a frequency of 
100 GHz. We expect the phase to be flat at the focus albeit with 
a slope which would be indicative of small misalignments. The 
data in Fig. 10 indicates that the flattest phase is at 230 mm with 
a slope indicating that there was some misalignment. These data 
are in agreement with those presented in Figures 7 and 8.  
 
  
Fig. 10 The phase variation across the lens at 100 GHz as a function 
of z-axis position From top to bottom at left-most extreme, Blue: 
310 mm, Purple: 150 mm, Red:190 mm, Green: 230 mm, Orange: 
250 mm.  
To explore the performance under non-normal illumination the 
beam profile was measured at four different frequencies while 
rotating the lens and receiver by 6 degrees about the 
collimated beam input axis as described in III.B. Fig 11 shows 
that the main beam is well defined and closely matches the Airy 
expectation down to -17 dB. This result is important as it clearly 
demonstrates that the properties of the metamaterial used here 
do not change under off-axis illumination unlike some more 
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exotic metamaterials [16].  Again we note with hindsight that 
the lack of absorbing material to control systematics prevented 
a clear measurement of the side lobes. 
 
 
Fig. 11 Beam pattern measurements of the lens for multiple 
frequencies. Blue:130 GHz, Orange: 140 GHz, Green: 150 GHz, Red: 
160 GHz.  Plots have been normalized to the peak for clarity. 
V. CONCLUSION 
We have shown that a GRIN lens is a viable alternative to 
standard dielectric lenses currently used in THz 
instrumentation. The prototype described here is usable over a 
wide frequency band 80-290 GHz and experimentally shown to 
operate at 116-290 GHz. From an instrumental usage point of 
view it also has the advantage that it behaves as a low pass filter 
reflecting incident higher frequencies.  These properties will 
prove valuable in future cryogenic receivers. 
The advantage of such a component over a normal lens becomes 
apparent when larger diameter short focal length lenses are 
required. Whereas the thickness of a large-diameter GRIN lens 
will not increase significantly with size, the corresponding 
dielectric lens will become much thicker to accommodate the 
curvature radius of its surfaces.  Since the absorption of a thick 
polyethylene (a standard millimeter wave material) substrate 
increases significantly with frequency, this limits the usable 
spectral range for such lenses. With our GRIN lens, the material 
is much thinner so scaling to THz frequencies is possible. 
Further, the addition of index graded anti-reflection coatings 
would be easier to apply to the flat GRIN lens and would 
enhance its overall transmission and efficiency. 
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